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ARTICLE INFO ABSTRACT

Keywords: We present a mathematical model and a statistical framework to estimate uncertainty in the number of SARS-
Ventilation CoV-2 genome copies deposited in the respiratory tract of a susceptible person, Y n, over time in a well mixed
Airﬂof” indoor space.

Infection By relating the predicted median Y for a reference scenario to other locations, a Relative Exposure Index
ﬁ::s(iom (REI) is established that reduces the need to understand the infection dose probability but is nevertheless

a function of space volume, viral emission rate, exposure time, occupant respiratory activity, and room
ventilation. A 7 h day in a UK school classroom is used as a reference scenario because its geometry, building
services, and occupancy have uniformity and are regulated.

The REI is used to highlight types of indoor space, respiratory activity, ventilation provision and other
factors that increase the likelihood of far field (> 2m) exposure. The classroom reference scenario and an 8 h
day in a 20 person office both have an REI ~ 1 and so are a suitable for comparison with other scenarios. A
poorly ventilated classroom (1.21s~! per person) has REI > 2 suggesting that ventilation should be monitored
in classrooms to minimise far field aerosol exposure risk. Scenarios involving high aerobic activities or singing
have REI > 1; a 1 h gym visit has a median REI = 1.4, and the Skagit Choir superspreading event has REI > 12.

Spaces with occupancy activities and exposure times comparable to those of the reference scenario must
preserve the reference scenario volume flow rate as a minimum rate to achieve REI = 1, irrespective of the
number of occupants present.

1. Introduction could be an infection pathway [3-8]. Analysis of these events and evi-
dence of the potential for aerosol airborne transmission of SARS-CoV-2
have been presented by [9-13] and [14].

Aerosols originate from different parts of the respiratory tract and
form during breathing, talking, shouting, singing, coughing, sneezing
or laughing [15,16]. Droplets range in size from 1 pm to 100 pm, and

their size distribution is dependent upon the expiratory activity, but

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2)
is a novel virus that spread rapidly worldwide leading to the global
COVID-19 pandemic in 2020. Initially, the primary transmission path-
ways were thought to be large respiratory droplets generated by cough-
ing and sneezing, and contact with infected surfaces via fomites. Later,
the Centers for Disease Controls and Prevention [1] suggested that the

fomite pathway is less likely. usually follows a log-normal distribution [16-19]. After their emission,

The transmission of some infectious diseases via aerosols is estab-
lished [2], and evidence for the airborne transmission of SARS-CoV-2
contained in aerosols grew as the pandemic progressed. For example,
several case studies reported transmission clusters with high attack
rates, so called superspreader events, where a single source infects many
people in a space. These occurred indoors where aerosol transmission
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the droplets fall ballistically under gravity in still air. Concurrently,
evaporation occurs at a rate dependent upon room temperature and
humidity. Evaporation can reduce droplet diameter by 50%-80% [20,
21], decreasing their mass and terminal velocity. Aerosols with an
evaporated diameter of 10 pm can remain airborne for several hours,
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Nomenclature

Nitr Filter efficiency

Nmask Face covering efficiency

y Surface deposition rate (s™1)

A Biological decay rate (s~1)

Auv Ultraviolet denaturing rate (s~1)

» Filtration removal rate (s~1)

kq Mean absorption-adjusted breathing rate
for all occupants (m3s1)

¢ Total removal rate (s~1)

W Ventilation removal rate (s1)

¢ Respiratory tract absorption removal rate
(s™H

Afloor Floor area (m?)

Carop Concentration of droplets in exhaled air
(RNA copiesm™3)

CrNaA Concentration of RNAcopies in exhaled
droplets (RNA copies m~3)

G Emission rate of RNA copies
(RNA copiess™!)

Gy Emission rate of RNA copies per person
(RNA copies s~! per person)

k Fraction of aerosol particles absorbed by
respiratory tract

kn Proportion of  droplets containing
RNA copies absorbed by respiratory
tract of a person

N Number of people present

n Number of RNA copies in well mixed air
(RNA copies)

n(0) Number of RNA copies at start of exposure
period

Niws Number of infectious people present

Ry Steady state number of RNA copies

Ayraet Respiratory tract absorption rate (s™1)

ay Respiratory rate of a person (m3s~1)

(o Airflow rate through filter (m3s~1)

Qinf Infected person respiratory rate (m3s~1)

Gsus Susceptible  person respiratory rate
(m3s71)

T Exposure period (s)

t Time (s)

Tp Time interval between the infected per-
son leaving the space and the susceptible
person arriving (s)

T, Infected person departure time (s)

14 Space volume (m?)

Virop Volume of single exhaled droplet (m?)

Vivop Ratio of the total volume of expelled
droplets to the volume of exhaled air then
the total emission rate of RNA copies

Yn Number of RNA copies inhaled over expo-
sure period

buoyed and dispersed by local air currents. Ribonucleic acid (RNA)
copies of the SARS-CoV-2 genome have been detected and calculated
at a wide range of concentrations, from 7 x 10° to 10'! RNA copies per
ml, in the sputum of people infected with SARS-CoV-2 who may be
symptomatic, pre-symptomatic, and asymptomatic [8,22,23]. Most of
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the RNA copies are likely to be remnants of the genome or unviable
virions, but a proportion will be virions that are able to infect an
individual who has no immunity to SARS-CoV-2, herein referred to as
a susceptible person. Laboratory tests demonstrate that SARS-CoV-2 can
remain infectious in airborne aerosols for up to 16 h, and have a half-
life of over one hour [24,25]. It is not yet clear what size of respiratory
aerosols and droplets carry virus, and how this relates to the viral load
in sputum or saliva, however SARS-CoV-2 has been recently sampled
from exhaled breath [26] and there is good evidence from exhaled
breath studies of influenza and seasonal coronavirus that respiratory
viruses are carried in large and small aerosol fractions [27].

The identification of the potential for indoor airborne aerosol ex-
posure led international groups responsible for guidance on building
services to recommend that buildings should be ventilated with as
much outdoor air as reasonably possible to dilute SARS-CoV-2 laden
aerosols [28-30]. Increasing airflow rates to control diseases is not
a new approach. Florence Nightingale’s first canon of nursing was to
“keep the air [a person] breathes as pure as the external air, without
chilling [them]” [31].

It is difficult to determine an acceptable level of exposure to a novel
pathogen, such as SARS-CoV-2, because the probability of infection
as a function of the number of RNAcopies inhaled, defined as a
quantum [32], is unknown. Therefore, it is also difficult to determine
the ventilation rate required to reduce the risk to an acceptable level.
Consequently, the current advice is to provide as much outdoor air as
reasonably possible [29]. Many buildings are already able to increase
airflow rates above the minimum rate required for acceptable indoor
air quality because the airflow rates required to control indoor temper-
atures are typically an order of magnitude higher than those required
for contaminant dilution.

There are several investigations of the role of aerosol transmission
and the efficacy of interventions, such as increased ventilation, face
covering use, and activity duration, and tools are publicly available.!
Infection risk is often estimated using the established Wells—Riley model
that gives the required quanta emission (emission of infective material)
from known outbreaks [8], fitting to the reproductive number, R, [33],
or is calculated from first principles [34]. Mass balance models have
also been used to investigate transient effects and the role purging room
air during breaks [35]. The impact of varying occupancy has also been
considered using the re-breathed fraction of air based on respiratory
CO, generation and removal [36].

During a pandemic there are no zero-risk situations, and so the
aim of this paper is to propose an analytical model to estimate un-
certainty in the relative exposure to RNA copies in the air, of which
a proportion are viable SARS-CoV-2 virions, for a range of indoor
spaces and ventilation and occupancy scenarios. The model considers
the probable emission of viable virions by estimating the generation
of aerosols, and their subsequent transport and removal via a number
of mechanisms, including inhalation. For clarity, the chosen metric is
RNA copies inhaled because the proportion of viable virions for SARS-
CoV-2 is currently unknown [8,37] and because this fact does not affect
the magnitude of relative exposure. Other factors are also unknown,
such as the effect of the lung penetration depth on infectiousness, virion
characteristics (viability, emasculating droplet size, age, and half-life in
air), and the infection probability for an uninfected person as a function
of co-morbidities. Therefore, the Wells-Riley method, which requires
an estimate the quanta of infection derived from outbreaks (confounded
by rare superspreading events) [32] and a dose-response method are
not applied because they cancel when calculating the relative exposure
index, which removes an area of significant uncertainty from predic-
tions. However, as information becomes available, the approach can be

L https://cires.colorado.edu/news/covid-19-airborne-transmission-tool-
available.
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amended to determine the exposure of individuals to a specific quantity
of virus, using a dose-response approach in risk assessments [38,39].

The approach is novel because it considers relative risks, transient
effects (such as purge ventilation rates and its diminishing returns), and
uncertainty in the emission of infectious materials. The model is used
to consider the factors that affect the inhalation of RNA copies over a
time period in a well mixed space. This also allows the relative benefits
of interventions to be considered and, in particular, the identification
of upper limits of practical interventions, such as ventilation. This
will enable sensible engineering judgements to be made about the
management and regulation of indoor spaces.

The aim is achieved by meeting a series of objectives that are
described in each section. Section 2 introduces the model and its inputs.
The classroom reference scenario is discussed in Section 3 and other
indoor scenarios are explored in Section 4.

2. Modelling approach

An analytical model is developed to predict the number of viral
genome copies with the potential to be viable (RNA copies) inhaled
over a time period in an indoor space. The model is implemented to
investigate a range of scenarios and spaces using excel spreadsheets
and bespoke MATLAB code, contained in a package of Supplementary
Materials.> A statistical modelling framework, following that of [40-
42], is described in the Supplementary Materials and is used to quantify
uncertainty in the relative exposure associated with a space.

2.1. Mass-balance model

A mass-balance model is used to investigate the number of
RNA copies, n (RNA copies), contained in aerosols transported to and
from an indoor space. This approach is commonly used to model
indoor contaminant concentrations in a well mixed airtight space with
volume ¥ (m?) [43]. Therefore, the model assumes that RNA copies are
generated at single point at a constant rate, G (RNA copiess~!), and
are then mixed rapidly so that the change in the number of RNA copies
in the space, n(f) (RNA copies), with time, ¢ (s), is approximately the
same regardless of the sampling point; see Fig. 1. We assume that no
RNA copies are transported into the space from outside or connected
spaces. The number of RNA copies in the space is diluted by a number
of mechanisms that can be normalised by the volume of the space, V'
(m?), and combined into a single removal rate, ¢ (s~!), by addition; see
Section 2.4.1. The rate of change in the number of RNA copies in the
space at time ¢ can then be described by a linear differential equation.
dn
i G-nt)p @

Integration over a known time period that starts at ¢ = 0, gives the
number of RNA copies in the space as a function of time.

n(t) = ng + [n(O) - n“] e (2)

Here, n(0) is the number of RNA copies at the start of the time period
and ng, is the steady state number of RNA copies in the space where

ey = — €)

The risk of infection can be estimated from the total number of
RNA copies absorbed by the respiratory tract of a susceptible individual,
Y n (RNA copies inhaled), over an exposure period T (s). It is dependent
on the respiratory rate, q,,, (m3s™!), the space volume, and the ratio
of the number of aerosol particles absorbed by the respiratory tract to
the total number of aerosol particles that pass through it, k.

_kaws (T @
ZH—T/) n(t)

2 The MATLAB code and is available under a creative commons license. All

materials may be obtained from DOI: 10.13140/RG.2.2.21307.03361.
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so that

k
Yn= e [y 9= )+ 10)] + 1y, = n@)] 07 ©

These equations can be used to consider unique occupancy periods.

2.1.1. Steady state conditions

When an infected person is present in the space for a significant
period of time the exponent of Eq. (5) becomes relatively small so that
9T — 0 and the number of RNA copies absorbed by a susceptible
person is given by

kqg, G 0

Yoy e [(Tzﬁ —n+ X )] ©
¢2 V nSS

To model the space where the steady state has been reached when a

susceptible person enters, n(0) = ny, Eq. (6) reduces further to

kqo,GT
D =g @)

2.1.2. Step response conditions
When an infected person enters the space where a susceptible
person is already present when n(0) = 0 and T = 0, Eq. (5) reduces
to
kqsuSG —T
n=—2_ (T¢+e?T —1 8
Xn=—5 (T¢ ) ®

where T (s) is the exposure period.

2.1.3. Step response and decay conditions

When an infected person enters an occupied space when n(0) = 0
and departs at time 77, a general formula for ) n is found for those
remaining in the space. Eq. (8) describes the occupied period and the
decay period is represented by substituting Eq. (2) into Eq. (5) and
assuming G =0 to give

kq,,,G _
Zn=¢sz—"€/ [(T,¢+e ¢Tr _

where T is the exposure period.

1) + (1= e7#T1) (1 - e ?T-T0)] ©

2.1.4. Decay conditions

When a susceptible person enters the space after an infected person
has departed, a general formula for ) n is found by assuming G = 0
during the decay period and n(0) = 0 when the infected person enters
the space.

= —"(‘;;M;/G (1= 9T1) (1= e 9T) 9T a0
Here, T} is the length of time the infected person spent in the space, T},
is the time interval between the infected person leaving the space and
the susceptible person arriving, and T is the exposure period. Eq. (10)
can is simplified by assuming that the infected person is in the space
for a long period of time so that T; — oo.

2.2. Mixing volume, V/

The volume term in Eq. (5) is an important source of bias because
the space volume may include people and objects where viral aerosols
cannot mix. Then, the mixing volume and the space volume are not
equal; see [44]. When their ratio is < 1, ) n is under-estimated. This
is particularly important in areas of high occupancy density.

Space volumes are estimated by their type and are given in Table 1.
In this paper we consider situations where space and mixing volumes
may be assumed to be identical.
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Fig. 1. Single-zone mass-balance model of virus transport via exhaled aerosols. Image used under a creative commons license'.

Table 1
Scenario deterministic inputs.
Floor area Room volume, Occupants Exposure Infected occupancy Conditions
Afloor 14 N time, T time, T;
(m?) (m*) () ()
Reference scenario 55 148.5 32 25200 25200 Step response
Class 750 55 148.5 32 25200 25200 Step response
Class 1000 55 148.5 32 25200 25200 Step response
Class 2000 55 148.5 32 25200 25200 Step response
Class 5000 55 148.5 32 25200 25200 Step response
Office 220 594 20 28800 28800 Step response
Office Low 220 594 20 28800 28800 Step response
Coffee 110 297 2 1800 1800 Steady state
Coffee Low 110 297 2 1800 1800 Steady state
Supermarket 4645 27870 160 3600 3600 Steady state
Gym 200 600 20 3600 3600 Steady state
Guangzhou 40.5 127 21 4500 4500 Step response
Skagit Choir 180 810 61 9000 9000 Step response
German Meeting 70 189 13 34200 34200 Step response

2.3. Virus generation rate, G

G is proportional to the number of people shedding RNA copies in
the space, and is also a function of their respiratory rate. This can be
given by

G=N,, Gy an

where N,,, is the number of infectious occupants in the space, and
Gy (RNA copiess~! per person) is the emission rate per person. Then,
following Buonannoet al. [34], G is calculated by

Gp=Cgrya Qinf Z Cdrop Vdrop a- nmask) 12)

where Cgry, (RNAcopiesm™) is the concentration of RNA copies of
the SARS-CoV-2 genome in the exhaled droplets, and is assumed to be
the same as the concentration in the sputum of the infected individual,
4in s is the breathing rate of the infected individual (m®s™'), C,,,,, is the
concentration of droplets in exhaled air (RNA copiesm=3), V,,,, (m%)
is the volume of a single droplet (m?), and 7, is the efficiency of a
face covering, herein assumed to be 0. If V" is the ratio of the total
volume of expelled droplets to the volume of exhaled air then the total
emission rate of RNA copies is given by

G = Nivs Crna Ging Virop (1 = Mmast) (13)

Breathing and respiratory fluid RNA measurements from COVID-19
patients [22,26] are used to estimate Cgy 4. Following Morawska et al.,
droplet diameter is assumed to be normally distributed with a mean
of 1.84 x 10®m and an arbitrary standard deviation of 10% of the
mean. The RNA copies load of the infected individual is also assumed
to be normally distributed with a mean of 3.75 x 10'7 RNA copies per m>
and a standard deviation of 10% of the mean; see the Supplementary
Material for derivations of infector viral loads per ml of respiratory fluid
including variation with vocal activities.

Values of g;,, and g,,, are given by Adamset al. [45,46], and V]
is derived from Morawskaet al. [18] as a function of Cy,,, and droplet
diameter. The Supplementary Material discusses these parameters in
greater detail. We assume no face coverings are worn in any of the
scenarios.

2.4. Removal rate, ¢

The number of RNA copies in the air of the space are diluted by a
number of mechanisms, where the total removal rate is given by their

sum.
p=y+y+i+i+o 14)

Here, y is the removal rate due to ventilation, y is the removal rate
due to surface deposition, 4 is the removal rate due to biological
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decay, ¢ is the removal rate due to absorption in the respiratory tract,
and  is the removal rate due to filtration. Re-suspension following
surface deposition is not considered. All terms have units of s~! and
are discussed in Sections 2.4.2-2.4.5, respectively.

The system time constant 7 (s) is the reciprocal of ¢, 7 = ¢~L. ¢
is a function of the parameters described in Sections 2.4.1-2.4.5. 7 is
also known as the residence time since it indicates the time RNA copies
remain in the space after generation and is indicative of the timescale
for the system to reach a new steady state.

2.4.1. Air change rate, y

The air change rate is a function of the ventilation rate and space
volume V. Ventilation rates are normally given by standards and
guidelines per capita according to the function of the space.

2.4.2. Surface deposition rate, y

Surface deposition occurs by two key mechanisms: ballistic deposi-
tion, and momentum-induced deposition. However, empirically derived
values of y do not differentiate between them and so a single term, y
(s71), is used. Thatcheret al. [47] give median y measured in a fur-
nished space as a function of droplet diameter and u; with and without
mixing fans. Therefore, we assumed the mixing fans are off where y is
equally probable between values of 1.17x10™*s~! and 1.69x10™*s71;
see Table 2.

2.4.3. Biological decay rate, 4

The biological decay rate is a function of the half-life, t,;, (s), and
the denaturing rate, Ay, (s71), where
_ In(2)

5Y2)

Van Doremalenet al. [25] report that the half-life of SARS-CoV-
2 in aerosols has a median of approximately 1.1-1.2 h and a 95%
confidence interval of 0.64 to 2.64 h. This is approximately represented
by a log-normal distribution, which when converted to 4 using Eq. (15),
has a mean of y = 1.75 x 10~*s™1 and a standard deviation of ¢ =
0.43s71.

Inactivation from exposure to ultraviolet light (UV-C) is also a
biological process. The denaturing rate at a particular airflow rate
should be adjusted when a UV-C device is used. Here, RNA copies are
not physically removed from a space, but this model assumes they are
because they are no longer harmful.

A + Ayy (15)

2.4.4. Respiratory tract absorption rate, ¢

The respiratory tract absorption rate is assumed to be proportional
to g,,, (see Section 2.1) and the number of RNA copies in the air, given
by

() <
Miract = 7 z kN qnN 1e6)
i=1

where k is the proportion of droplets containing RNA copies entering
the respiratory tract of a person and are absorbed by its surface,
assumed to be constant, and g, (m3s~1) is respiratory rate of a person.
Then,

n(t) Nkq
Mraer = T

@7)

where N is the total number of occupants within the space, and kq
(m3s71) is the mean absorption-adjusted breathing rate for all of the
occupants in the space. The respiratory tract absorption is characterised
in by a removal rate, ¢ (s71), given by

N
TV
This removal rate is a function of occupancy, and occupant metab-

olic rate. Therefore, it is unique for each space, and not a general
constant.

¢ (18)
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Darquenne [48] shows that k is a function of droplet diameter and
tidal volume, the volume of air inhaled per breath. For the droplet
diameter given in Table 2, k is 0.43-0.65, depending on the tidal
volume. In the absence of knowledge, we assume that all values of k
are equally probable between these limits; see Table 2.

Respiratory rates are given by Adams [46] for male and female
occupants sitting and walking, and generally for children sitting. All
values are assumed to be normally distributed and to vary with space
use; see Table 3.

2.4.5. Filtration rate, @

Mechanical filters actively remove aerosol-borne viruses from the
air either when fitted in a mechanical ventilation system or in a stand-
alone air purifier. The filtration removal rate is proportional to the
volume flow rate of air passing through the filter, O/, (m3s71),
sometimes known as a clear air delivery rate, and is given by
= # Nrie a9
where 7, is the filtration efficiency defined as the ratio of the number
of RNA copies removed by the filter to the number of RNA copies in the
air that is passed through it, and has a value between 0 and 1.

2.5. Indoor spaces

A reference scenario is defined that allows uncertainty in the num-
ber RNA copies inhaled to be investigated as a function of space vol-
ume, emission and exposure times, occupant activity, and room venti-
lation. These predictions can then be compared against those for cases
within other non-domestic spaces by developing a Relative Exposure
Index (REI); see Section 3.2 for its definition. This eliminates the need
for an understanding of the dose threshold and RNA copies emission
rate by an infector, and highlights types of indoor space and activities
that lead to the greatest exposure for the same infector; see Section 1.
All scenarios assume a single infected person and the Step response
conditions (Section 2.1.2), unless stated otherwise. All model inputs are
given in Tables 1-3.

2.5.1. Reference scenario

A UK school classroom is used as a reference scenario because
its geometry and ventilation provision are well described by design
guidance documents. Requirements are identified that constitute a
worst case scenario. Building Bulletin (BB) 103 [50] requires a minimum
floor area of Ay, = 55m? for a classroom occupied by 30 students
and 2 teachers, giving an occupancy density of 1.7 m? per person.
A floor to ceiling height of 2.7 m, gives a reference scenario volume
of ¥V = 149m>. BB101 [51] specifies maximum carbon dioxide (COy)
concentrations in learning spaces where natural ventilation is used or
when hybrid systems are operating in natural mode, requiring a mean
concentration of <1500 ppm averaged over the school day duration,
corresponding to an airflow rates of >51s~! per person, and a maximum
concentration of 2000 ppm for no more than 20 consecutive minutes,
corresponding to an airflow rate of 3.41s™!per person. The mean
ventilation rate of 51s~! per person is used unless otherwise stated.
These represent air change rates of 3.9h™! (y = 1.08 x 10~3s71) and
2.7h71 (y = 7.41x10~*s71), respectively for standard classrooms. Many
existing UK schools were built when the maximum CO, concentration
was 5000 ppm, corresponding to an airflow rate of 1.21s~! per person
or 0.9h1 (y = 2.58x 107> s71) [52]. Post occupancy assessments of UK
naturally ventilated classrooms recorded CO, concentrations of over
5000 ppm when ventilation openings were closed [53,54]. BB101 as-
sumes a school day duration of 7 h, and so we assume all occupants are
present throughout, representing a worst case scenario; for example,
pupils remaining indoors to shelter from inclement weather.

The ventilation rates given here are generally applicable during the
heating season, because higher ventilation rates are required to dissi-
pate heat gains in the summer. They are also less stringent than those
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Table 2
General inputs.
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Input variable Assumed PDF Source

Biological decay, 4 (s™!) LN(1.75 x 1074,0.43) [25]

Inhaled deposition fraction, k U(0.43,0.65) [48]

RNA concentration in exhaled N(3.75 x 107,375 x 10'%) [8,21,22,26,49]

droplets, Cpy, (RNA copiesm=3)

Surface deposition rate, y (s™!) U.17 x 1074,1.69 x 10™%) [47]

Concentration of aerosols 9.8 x 10* [18]

in exhaled air, C,,,, (m~%)

N, normal; LN, log-normal; U, uniform.
Table 3
Scenario probabilistic inputs.
Input variable Droplet diameter Respiratory rates, Air change rate, Airflow rate Respiratory activity
Gyuss Dings 4 7 breathing:talking:vocalisation
(pm) (m*h~1) (h™) as™) (%)

Reference scenario N(1.840,0.184) N(0.440,0.044) 3.9 160 75:25:0
Class 750 N(1.840,0.184) N(0.440,0.044) 12.2 505 75:25:0
Class 1000 N(1.840,0.184) N(0.440,0.044) 7.1 296 75:25:0
Class 2000 N(1.840,0.184) N(0.440,0.044) 2.7 110 75:25:0
Class 5000 N(1.840,0.184) N(0.440,0.044) 0.9 38 75:25:0
Office N(1.840,0.184) N(0.560,0.056) 1.2 200 75:25:0
Office Low N(1.840,0.184) N(0.560,0.056) 0.2 40 75:25:0
Coffee N(1.840,0.184) N(0.560,0.056) 3.3 270 75:25:0
Coffee Low N(1.840,0.184) N(0.560,0.056) 0.2 16 75:25:0
Supermarket N(1.780,0.178) N(0.560,0.056) 1.1 8528 100:0:0
Gym N(1.780,0.178) N(3.510,0.351) 2.4 400 100:0:0
Guangzhou N(1.840,0.184) N(0.560,0.056) U(0.2,0.4) U(7,14) 75:25:0
Skagit Choir N(2.50,0.25) N(0.910,0.091) U(0.3,0.7) U(68,158) 0:0:100
German Meeting N(1.840,0.184) N(0.560,0.056) 0.2 105 75:25:0

N, normal; U, uniform.

Values are converted into SI units before they are applied to the model; see Section 2.1.

required for mechanically ventilated classrooms, where the mean and
maximum concentrations are 1000 ppm (y = 1.72x10~3s~! or 6.2h1)
and 1500 ppm, respectively [51]. Occupants are assumed to breathe for
75% of the time and talk for 25% of the time. The respiratory activity is
used to determine an average number of aerosol droplets and average
diameter using data from Morawskaet al. [18]; see Supplementary
Materials. The breathing rate of susceptible and infected occupants (see
Sections 2.1 and 2.3 ) is assumed to be 1.21 x 10~*m3s~1, following
Adamset al. [46] for children sitting; see Table 3.

2.5.2. Common space scenarios

The occupancy density and ventilation provision of many non-
domestic spaces is advised by the Chartered Institution of Building
Services Engineers (CIBSE) Guide A [55]. This guidance is used to
define three typical spaces where a single infected person is present.

We consider an office with an occupancy density of 11 m? per per-
son, a floor to ceiling height of 2.7m, and a outdoor airflow rate
of 101s~! per person (y = 5.05 x 10~*s~! or 1.8h~1). There are
50 occupants who are assumed to be continuously present for 8 h
breathing for 75% and talking for 25%.

Small high street shops, such as a coffee shop, generally have an
occupancy density of 5m? per person and a recommended ventilation
rate of 101s~! per person (y = 1.35x107> s™1 or 2.7 h~1), representing a
high ventilation scenario. However, there may be circumstances where
ventilation is not provided and infiltration is the only source of outdoor
air. This represents a low ventilation scenario where y = 5.56x 107> 571
or 0.2h7! following Buonanno et al. [34]. Occupancy periods are highly
variable, and so we model a 30 min visit to a small coffee shop with
breathing for 75% of the time and talking for 25%. Here, a shop worker
is assumed to be the infected occupant, representing a steady state
scenario; see Section 2.1.1.

We model a 1 h visit to a supermarket with a volume of 27,870 m3
and a ventilation rate of 1.1h™! (y = 3.06 x 10~*s~1) where a store
employee is the infected occupant, representing a steady state scenario.

The occupants of gyms have an elevated metabolic and respiratory
rate; see Section 2.4.4. We model a 1 h aerobic workout in a small

200 m? 600 m3 gym space with a recommended® maximum occupancy
of 20 people and airflow rate of 20151 per person or 2.4h~1, where the
infected person is an active member of staff, representing a steady state
scenario. Deep breathing is likely to generate aerosols with a different
number droplets and droplets diameter when compared to breathing at
rest and this is reflected by a high respiratory rate; see Supplementary
Materials.

2.5.3. High transmission scenarios

The literature reports incidences of high secondary transmission of
SARS-CoV-2 in indoor spaces, and so we consider three of them.

A single index case is thought to have transmitted the SARS-CoV-
2 virus to nine other patrons of a restaurant in Guangzhou, China,
who were sat at adjacent tables; see Liet al. [6]. The space volume
is 431 m?, but the localisation of the secondary infections and the
reported recirculation of air within a zone at the back of the restaurant
indicates a mixing volume of 127 m? occupied by 21 people. Liet al.
report an airflow rate of 0.6h~! but the poor mixing suggests that it
may be limited to infiltration. Therefore limiting airflow rates of 0.2h~!
and 0.6 h~! (y = 1.56x10~* — 2.14x10~*s~1) are explored with uniform
probability. The occupancy time is 1.25 h and we assume 75% of the
time is spent breathing and 25% talking.

A single index case is thought to have infected 53 of 61 members of
the Skagit Choir over a 2.5 h period in a rehearsal hall [8]. The space
volume is 810 m? and the ventilation rate is estimated to be between
0.35h~! and 1.05h™1 (y = 8.33x10~> — 2.77x10~*s71). The respiratory
rate for singing is assumed to be 165 + 13% of that at rest, following
Bernardiet al. [56], in the absence of data on aerosols generated by
singing we use the vocalisation data of Morawskaet al. [18].

During a 9.5 h meeting in a small room in Germany, 11 of 13
participants were infected by a pre-symptomatic index case; see Hij-
nenet al. [4]. The floor area is 70 m? but the space height is unknown

3 https://www.gov.uk/guidance/working-safely-during-coronavirus-covid-
19/providers-of-grassroots-sport-and-gym-leisure-facilities.
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and so is assumed to be 2.7m. The ventilation rate is unknown but
personal correspondence with Hijnen revealed that the space was nat-
urally ventilated with all windows closed during the meeting due to
cold weather. Therefore, we assume outdoor air is solely provided by
infiltration at 0.2h™1 (y = 5.56 x 1075 s~1). The room is assumed to be
occupied by all participants throughout the meeting.

3. Exposure risk in the reference scenario
3.1. Deterministic estimate

Fig. 2 shows the predicted RNA copies in the volume of the space,
n(r), and the number of RNA copies inhaled, Y n, when RNA copies are
shed at a concentration of 3 x 10° RNA copies per ml of respiratory
fluid in the reference scenario when evaluated deterministically for
three scenarios; see Sections Section 2.5.1 and the Supplementary
Materials. Line A shows that when the RNA emission is over a 7 h
period, n(r) quickly reaches a steady state of 16,603 RNA copies causing
the total number of RNA copies inhaled to be approximately linearly
related to the exposure period. After 7 h, an occupant may be expected
to inhale 179 RNA copies. The residence time, = (see Section 2.4), is
12 min (723 seconds), and the time to reach 95% of the steady state
concentration, 7 s, is around 35 min, where ., 95 = —In(1-0.95) z. The
scenario was modelled using Eq. (8) for a novel emission source, but
is closely approximated by Eq. (7) for steady state occupancy because
T is significantly large. Accordingly, Eq. (7) is used to evaluate Fig. 2
and to show how Y n can be minimised in any space. It shows that
there are 6 parameters that affect Y n. Those located in the numerator
are all linearly related, where a percentage change in their value has
a corresponding change in ) n. Not all parameters can be amended
immediately to minimise exposure; for example, the number of aerosol
particles absorbed by the respiratory tract, k (see Section 2.4.4), is a
function of physiology and so changes only occur at a population scale
in the medium to long term. However, the other parameters can all
be addressed in the short term. The respiratory rates of susceptible and
infected persons, g,,, and g;,, (see Section 2.3), are similarly a function
of physiology but are also affected by occupant activity. Accordingly,
the metabolic rate of occupants should be maintained at as low a rate
as possible.

Eq. (13) shows that the emission rate, G (see Section 2.3), is linearly
related to four parameters, including ¢;,,. We assume a single infected
person is in the space for the entire 7 h, but adding another doubles
both G and Y n. This highlights the need for public health messages
to encourage the reporting and isolation of people with SARS-CoV-
2 symptoms. The ratio of the total volume of expelled droplets to
the volume of exhaled air, V; . can be reduced by wearing of face
coverings that catch droplets before they are allowed to mix in the
indoor air. Therefore, it is logical to recommend that all occupants wear
face coverings in indoor spaces at all times when it is feasible to do so.

The concentration of RNAcopies in exhaled droplets, Cpy 4, is
highly variable and may be substantially increased by a so called super-
spreader, an infected person who transmits the virus to an abnormally
large number of other people [57]. Miller et al. [8] report that emission
rates for superspreaders are greater than normal infected persons by
several orders of magnitude. Then, a corresponding increase in Cgy4
similarly increases G and Y n. It should be noted that superspreading
events are uncommon, however, it has been estimated that around
80% of infections occur from 10% of people and hence there may be
a significant proportion of people who may shed a higher amount of
virus [58]. It is possible that superspreading occurs when one of these
people is in a scenario with a higher REIL The significant uncertainty
in Cgy4 supports the need for a REI because Cyy 4 is not a dose risk
and so the value of RNA copies inhaled does not itself indicate the
probability of infection, which is currently unknown. Utilising values
of inhaled RNA copies should not be used to estimate the risk of harm
or the probability of secondary transmission in a space. However, any
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uncertainty in the values used for the RNA copies per ml of respiratory
fluid of an infector cancels in a REI allowing scenarios to be compared;
see Section 3.2 and the Supplementary Materials.

The final numerator parameter is the exposure time, 7. In the
context of a school day, this value can be reduced by spending as
much time outside as possible. Exposure is lowest during the period of
transition to the steady state concentration and so it is advantageous to
limit occupancy to the time where the rate of change of n(z) is greatest.
This could be done by allowing frequent outside breaks and purging the
indoor air during the changeover. In this example, the value of o5 is
relatively short, and it would be advantageous to increase it so that it
is comparable to a teaching period.

Line B of Fig. 2 shows the changes to n(f) and Y if the infected
person leaves the space after 1 h and all other occupants remain; see
Section 2.1.3. Following their departure, n(r) decays quickly towards
0 in around an hour and ) n plateaus. Y n is strongly dependent on
the length of time the infected person is present in the space with a
susceptible person. Line D shows that a susceptible person entering the
space as the infected person departs, or afterwards, has a much lower
risk; see Section 2.1.4. This is important when the time occupants spend
in a space is a variable; for example, there is anecdotal evidence of shop
workers who do not wear face coverings even when their customers do.
Then, Fig. 2 shows that the greatest risk is to a long-term occupant from
a fellow long-term occupant.

Both the steady state concentration and the time to the steady state
are inversely proportional to two parameters, the removal rate, ¢, and
the volume of the space, V, in the denominator of Eq. (7). The easiest
parameter to amend in any space is the removal rate, ¢ (Eq. (14)),
which is dominated by the ventilation rate, y (see Section 2.4), which
contributes around 80% of the value of ¢; see Section 2.4. Ventilation is
the standard method of diluting pollutants in buildings and as y — oo,
Y n— 0 but with a law of diminishing returns. This is important to
note because, in the heating season, there is a near-linear relationship
between space heating energy demand and y, and care must be taken
not to thermally discomfort occupants. Accordingly, there is a trade off
between )’ n, energy, and thermal comfort that must be considered and
will be a function of the dose threshold for infection, which is currently
unknown; see Section 1.

In the absence of ventilation and infiltration, a removal rate of
around 1.1h7! is attributable to other sources. Their importance is
shown by line C of Fig. 2, which shows that n(s) and Y n both increase
when their contribution is ignored and the removal rate is solely
attributable to ventilation, where ¢ = y.

The surface deposition rate, y (see Section 2.4.2), is a function of
aerosol diameter and room airflow velocity. Thatcheret al. [47] suggest
that y can be increased by around 80% by using ceiling or desk fans to
increase the room airflow velocity from <0.02m/s to 0.19 m/s. Within
the model this increases ¢ to 5.3h™! (1.48 x 10~3s~1) and decreases
the residence time by around 45 seconds, although the change in Y n
is negligible. However, in scenarios where ¢ is low, such as during
the heating season when occupants may close ventilation openings to
preserve thermal comfort, y becomes an important removal mechanism.
Enhancing mixing can increase the number of people exposed to the
virus and may increase the overall infection risk [59]. This is particu-
larly relevant in situations where there is very little ventilation, such as
in the Guangzo restaurant [6]; see Section 4.2. Care must be taken not
to increase the average room velocity beyond 0.21 ms~! in the heating
season [60] to maintain thermal comfort and to ensure that lightweight
objects do not blow away. It may be possible to site desk fans to gener-
ate areas of high velocity away from occupants balancing the need to
increase y and maintain occupant comfort. Surface deposition removes
infectious particles from the air but it can create contaminated fomites
that may lead to contact spread. Surface deposition rates can then give
relative information about the likelihood of fomite risk, and inform
dose-response models about contact spread and cleaning regimes. It is
important to note that, although deposition of large droplets is greatest
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Fig. 2. Reference scenario: a single infector shedding RNA copies at a concentration of 3 x 10° RNA copies per ml of respiratory fluid in a standard school classroom with a volume

of 148.5m3.
—, number of RNA copies inhaled; - - -, RNA copies present.

A, constant emission over a 7 h period; B, infected person leaves space after 1 h and susceptible occupants remain; C, constant emission with removal solely via ventilation where
¢ =w; D, at hour 1 the infected person leaves the space and is replaced by a susceptible person.

close to the infector, the deposition of smaller aerosols is on all surfaces
in a room, including those that are out of reach.

Finally, the removal rate attributable to mechanical filtration, w (see
Section 2.4.5), can be implemented quickly and easily using a portable
air cleaner that contains a high-efficiency particulate air (HEPA) filter.
Eq. (19) shows that the airflow rate through the filter should be
considered in proportion to the space volume; for example, to increase
¢ by 20%, the required clear air delivery rate through a perfect filter
is 1h~! or 0.04m3s~!. This method of removal could be useful in
the heating season, although consideration should be given to noise
generated by the system. This model assumes the air in the room is
well mixed, and the portable air cleaner will only function as expected
if this is the case; stand-alone air cleaners may not be effective at mixing
the air throughout a space. Centralised mechanical ventilation systems
may also contain HEPA filters, which can be used to filter recirculated
air. Here, w is the room air recirculation rate and y is the fresh air
supply rate.

The second parameter in the denominator, the space volume V/, is an
important factor in exposure risk. For the same floor area taller spaces
theoretically have a lower exposure risk, however this will depend
on the mixing within the space. The airflow rate in many buildings,
including UK schools, is specified as a volume flux per capita and so as
V increases there is a corresponding reduction in y. Then, increasing
V and reducing w so that their product is conserved, increases n,, and
7, which increases the time to n,, and decreases ) n. The steady state
concentration of RNA copies in the space (n,,V'~!) changes slightly, and
does not change at all when 4 and y are negligible. This would lead to
clear changes to the shape of the curves in Fig. 2; for example, the
gradient of n would decrease and the concavity of the ) n curve would
increase when 0 < T < 1 h. Therefore, the risk of exposure is lower in
a space with a larger volume where airflow rates are the same.

A further analysis of the reference scenario is in the Supplementary
Materials (see footnote 2).

3.2. Probabilistic estimates

There is significant uncertainty in the values used in Section 3.1,
and the corresponding uncertainty in predictions of ) n is assessed us-
ing the statistical framework described in the Supplementary Materials
and the inputs given in Tables 1-3.

Fig. 3 quantifies uncertainty in Y n using a histogram and cumu-
lative distribution function (CDF), with 77 < Y n < 352RNA copies
inhaled, with 95% confidence. The distribution of ) n is not normal
and so Ps, is a more appropriate descriptive statistic for RNA copies
inhaled than u. The P, value is approximately equal to that calculated
by the deterministic approach (see Section 3.1), and so it can be used
for a quick estimate of Y n, although the stochastic approach is required
to quantify uncertainty in Y n, to perform a global sensitivity analysis,
and to determine effect sizes (see footnote 2) (the magnitude of the
differences between the distribution of Y n for the reference space and
other spaces) between the reference and other spaces.

The utility of the P5, makes it a suitable choice for a REI where all
predicted centiles are given relative to Py, for the reference scenario.
Fig. 3 shows the REI on the top x-axis for the reference scenario. The
95% REI confidence interval is 0.45 < ) n < 2.05RNA copies inhaled.
This REI is now used in Section 4 to compare exposure risk in other
spaces relative to the reference scenario. Clearly, the value of the Ps,
calculated here is a function of the inputs used, which are uncertain
and may change as more evidence becomes available or if the scenario
changes; for example, to mitigate against more than one infected person
or a reduction in the number of classroom occupants. However, the
reference Py is easily revised using the model.

Any space that wishes to have a REI of unity or less, must at least
balance the parameters in Eq. (7). If k, g, G, and T are identical
to those of the reference scenario, then a ventilation rate of w V =
0.16m3s~! per infected person (determined by population prevalence)
must be preserved as a minimum rate to ensure the REI does not exceed
1, irrespective of the number of occupants present. The total removal
rate must be at least ¢V = 0.21m3s~! per infected person. It is also
important to note that providing a fixed air change rate will lead to
REI > 1 when the volume of the space is smaller than that of the
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Fig. 3. Reference scenario: uncertainty in RNA copies inhaled when a single infector is shedding RNA copies over a 7 h period in a standard junior school classroom.

Table 4
Relative exposure index for common spaces and high emission scenarios.
Py Py Py, Py Py 5 u o C, (%) Cohen’s d Effect size

Reference scenario 0.45 0.77 1.00 1.30 2.05 1.06 0.41 39
Class 750 0.17 0.29 0.38 0.50 0.78 0.41 0.16 39 2.09 Very large
Class 1000 0.28 0.47 0.62 0.80 1.25 0.66 0.25 39 1.19 Large
Class 2000 0.59 1.00 1.31 1.68 2.71 1.39 0.55 39 —-0.68 Medium
Class 5000 1.02 1.77 2.33 3.02 4.84 2.49 1.00 40 -1.86 Very large
Office 0.43 0.75 0.98 1.28 2.07 1.05 0.43 41 0.03 Negligible
Office Low 0.67 1.22 1.63 2.16 3.55 1.76 0.75 43 -1.14 Large
Coffee 0.02 0.03 0.04 0.05 0.08 0.04 0.02 38 3.48 Very large
Coffee Low 0.03 0.05 0.06 0.08 0.12 0.07 0.03 39 3.40 Very large
Supermarket (x107%) 0.45 0.77 1.01 1.30 2.05 1.07 0.41 39 3.63 Very large
Gym 0.64 1.09 1.42 1.84 2.94 1.52 0.59 39 —-0.88 Large
Guangzhou 0.30 0.52 0.68 0.88 1.44 0.73 0.29 40 0.95 Large
Skagit Choir 5.26 9.42 12.56 16.50 26.63 13.45 5.53 41 -3.16 Very large
German Meeting 2.75 5.14 7.00 9.37 16.12 7.62 3.47 46 -2.65 Very large

reference classroom. Conversely, the REI will increase for a smaller
volume. This reinforces the importance of providing a minimum airflow
rate with units of m3s~! or an equivalent. Per capita and air change
rates should only be used with the minimum airflow rate.

The model predictions are dependent on the assumptions made
in Section 2.1. Therefore, the sensitivity analysis described in the
Supplementary Materials is used to determine the relative importance
of stochastic parameters in Eq. (7) (k, g, G, and ¢) on predicted
values of ) n. Parameters V' and T are not tested because they are
held constant. All tests indicate that the most sensitive parameters, in
order of sensitivity, are: G, k, g,,,, and ¢. All parameters are statistically
significant and so their values are important. The test statistics and
their p-values are given in the Supplementary Materials (see footnote
2). There is limited evidence for many of the input distributions applied
here and so these should be updated in the future as information
becomes available.

4. Exposure risk in other indoor spaces
Input parameters for all scenarios are given in Tables 1-3. Uncer-

tainty in the REI for the common and high transmission spaces (see
Section 2.5) is shown in Fig. 4. REIs and effect sizes are given in Table 4.

4.1. Common spaces

Four additional classroom scenarios are explored by varying the per
capita ventilation rate between 1.2, 3.4, 9.2, and 15.71s™! per person
to achieve maximum mean CO, concentrations of 5000, 2000, 1000,
and 750 ppm, respectively, as described in Section 2.5.2. Hereon Ps
REI values are used for comparison, but confidence intervals are given
in Table 4. The poorest ventilated classroom has a REI of 2.33 and
a very large effect size (the magnitude of the difference between its
distributions and the reference scenario’s), and so adequate ventilation
is necessary and important. Increasing y has clear advantages, reducing
the REI to 0.38 when increased 3-fold. The REI decreases as the
ventilation airflow rate in the space increases. The potential benefits of
increasing the ventilation rate in a poorly ventilated space are greater
than increasing a well ventilated space by the same amount.

The REI of the office is 0.98 and the effect size negligible and
so could also be used as a reference scenario. The ventilation rate
is greater than that of the reference scenario, but respiratory rates
are slightly bigger to reflect adult occupants. In offices with different
respiratory activity, such as a call centre where talking predominates
breathing, the model should be recalculated with appropriate changes
to the volume of respiratory fluid released as aerosols as a function of
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droplet diameter and volume, Vd*mp. Reducing the airflow rate by 80%
to 21s~1 per person increases the REI to 1.63.

The REI of the high street coffee shop are 0.04 and 0.06 for the
standard and low airflow scenarios, respectively. The effect size for both
scenarios is very large. The low values of REI are attributable to the
shorter exposure period and highlights the value of avoiding prolonged
contact with an infected person. Increasing the exposure time to 8 h
results in an REI of 1.07 and 3.37 for the high and low airflow scenarios,
respectively, showing that the airflow rate becomes more important for
reducing transmission risk as the exposure time increases. This scenario
highlights the importance of purpose-provided ventilation provision
and the danger of relying on infiltration for virus removal.

The supermarket has the lowest REI of 103 and a very large effect
size because the airflow rate of 8,528 m3s~! is over 50 times that of the
reference scenario and the exposure period is 7 times less. Here, the risk
of exposure is likely to be dominated by close range transmission rather
than aerosols, whereas both pose a risk in the classroom and office.

A 1 h aerobic workout in a gym poses the greatest risk a REIs of
1.42, representing a large effect size. The airflow rate is 2.5 times that of
the reference scenario but the magnitude of the REI is highly dependent
on the emission rate, which is a function of volume of respiratory fluid
released as aerosols during. Further work is required to understand this.

4.2. High transmission spaces

The Skagit Choir and German Meeting superspreader scenarios have
REIs of 12 and 7 and very large effect sizes, respectively. These scenarios
do not amend Cgy, suggesting that the increased REI occurs here
regardless of the viral load of the infectious case. The choir scenario has
a 35-fold increase in the Ps, emission rate attributable to an increase
in the weighted average droplet size and respiratory rate, which in-
creases the volume of respiratory fluid released as aerosols. The German
Meeting has a modest 1.3-fold increase in the Ps, emission rate due
to speaking, but the exposure period is the longest of any scenario.
This indicates that it is possible to generate a very large increase in
REI by increasing the exposure period and by increasing the volume
of respiratory fluid released as aerosols.
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A REI of 0.68 is predicted for the Guangzhou restaurant corre-
sponding to a large effect size. Although the ventilation rate for this
space is very low, it is mitigated by the relatively short duration
of exposure compared to some of the other scenarios. However, the
number of infections that occurred in the space suggest that it is
not a safe space and so a REI > 1 would be expected. It could be
that we have underestimated ¢,,, and the respiratory activity. More
vocalisation increases the geometric mean aerosol droplet volume [18]
and, if the volume of conversations was high, it might also increase
aerosol generation [61]. Furthermore, air movement generated by a
split air conditioning system may have helped to spread the exhaled
puff further; see Bourouibaet al. [62].

It is also possible that the infector’s viral load, Cgy 4, is significantly
greater than that considered here; see the Supplementary Materials.
This suggests that even in a scenario with a low REI, there may be
circumstances where the risk may be substantially higher due to the
characteristics of the infector.

4.3. Other considerations

The results presented in the scenarios above illustrate how the
relationships between the physical environment, activity and time de-
termined the exposure to viral aerosols. However, it is important to
acknowledge that this model makes a number of assumptions which
need to be considered when applying the model in reality.

The model only considers aerosol transmission in a well mixed
scenario. In reality there are important variations in mixing which
will change the risk. The most significant is proximity to the infected
person. Bourouibaet al. [62] discuss turbulent gas clouds showing
greater RNA concentrations closer to source of infection. Then, close
contact to exhaled puffs of breath will substantially increase risk be-
cause the RNA concentration and therefore virion is higher. This may
result in enhanced aerosol exposure, as well as direct exposure to large
droplets that can land on the mucous membrane. Several studies have
explored this using idealised models, suggesting that the concentration
of aerosols at 1.5-2m from an infectious source is determined by the
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room ventilation. At a distance of < 1 m the concentration is determined
by the exhaled plume and may be much higher [62,63]. This risk should
particularly be considered in spaces with a high occupancy density
where it is difficult to maintain distance, or where the nature of the
activity means that it is essential to have closer contact. Similarly, the
model presented here assumes a well-mixed space, which may not be
the case in reality [59]. In some circumstances this may be important
and this, and the risks of close proximity, should be considered and, if
appropriate, investigated with more detailed models, such as computa-
tional fluid dynamics, to be able to quantify the transport of RNA copies
around the space.

We have not considered any behavioural interventions in the model.
Although actions such as hand hygiene will not affect the outcome of
this model, the use of face face coverings would have an important
effect in reducing both the source emission rate and the exposure;
see Eq. (13). These were deliberately excluded as the purpose of the
model was to assess the physical environment, but it is important to
acknowledge that in some of the cases presented here (the supermarket
and coffee shop), face coverings are required, which would reduce the
REI further.

The scenarios presented here assume that only one infector is
present in the space. This is likely to be a valid assumption where
prevalence of the virus is low or the number of people sharing the space
is small. However as prevalence or occupancy increases, the probability
of more than one infectious source also increases. For large spaces this
should be factored into the analysis of the REI using Eq. (13). Similarly
the number of occupants, and hence potential number of new cases
of infection, is also not explicitly included. The REI essentially gives
an individual exposure risk, however this may not give an accurate
reflection of risks where there are a higher number of people; a high
REI in a space with a very small number of occupants could result in
less secondary cases than a space with a lower REI but much a higher
occupancy. When considering the influence of a space on community
transmission risk, this is an important parameter.

The model only considers exposure and does not estimate the
probability of infection. The dose-response for SARS-CoV-2 is not yet
known, however information on dose-response behaviour for SARS and
coronavirus 229E have been used to estimate transmission by both
air and surface contact routes [39]. It is likely that the dose-response
for SARS-CoV-2 is similar, following an exponential or beta-Poisson
relationship with the exposure. This means that there may be upper
or lower thresholds for REI where transmission is more or less likely to
occur than that suggested by exposure alone.

Finally, it should be noted that although the probability of sec-
ondary transmissions are likely to decrease with a corresponding re-
duction in the REI, a low REI does not necessarily mean that infections
will not occur. A superspreader is likely to be uncommon, but will
increase the RNA copy concentration in the air and hence the number
inhaled by susceptible occupants. High transmission events are likely
to be a combination of high emissions, a long exposure time, and poor
ventilation in a confined space. All these are important factors and the
REI can assess how different indoor activities can be related to the
reference scenario by indicating if mitigation measures are required.

5. Conclusions

A mass-balance model is developed for the number of RNA copies
inhaled over a period of time, ) n, by the occupants of a well mixed
indoor space comprising six factors that can be moderated to re-
duce exposure risk. The model is applied to a reference scenario,
a standard school classroom with a ventilation rate of 0.16m?s~!
(51s71 per person) and a total removal rate of 0.21m3s~1 (4.98h™1),
and 32 occupants of which one is infected with SARS-CoV-2, overa 7 h
school day. A Monte Carlo approach is used to quantify uncertainty in
predictions. It shows that 77 < Y n < 352 RNA copies inhaled, with 95%
confidence. The distribution of data is not normally distributed and so
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the median (Ps,) is the most appropriate descriptive statistic, and here
P5, = 172RNA copies inhaled.

The Py, for the reference scenario is used as a relative exposure
index (REI) by comparing it to predictions for other spaces. This is
a measure of the risk of a space relative to the geometry, occupant
activities, and exposure times of the reference scenario and so it is not a
measure of the probability of infection. It can be used to assess existing
and new spaces and to assess the efficacy of mitigation measures. The
Ps, can be modified in the future as more evidence becomes available
or to meet new demands, such as a need to mitigate against more than
one infected person.

The Y n is particularly affected by the respiratory rate of a sus-
ceptible person, the emission rate of RNA copies, the exposure time,
the space volume, and the removal rate. A sensitivity analysis shows
that predictions of ) n in the reference scenario are most sensitive to
the emission rate of RNA copies. Y n is linearly related to the emission
rate and so public health messages to encourage self isolation when
exhibiting symptoms of COVID-19 and the wearing of face coverings
are important.

If all occupants in a space are undertaking the same activity, the
respiratory rate and the emission rate are related. Activities such as
exercise and singing increase the REI of a space because the volume of
respiratory fluid released as aerosols also increases. This is highlighted
by a 1 h workout in a gym where the P5, REI is 1.42 when standard
breathing is assumed. This indicates that strenuous activity or singing
indoors should be avoided. The REI confidence intervals for an office,
a high street coffee shop, and a supermarket are estimated to be < 1,
although varying the scenarios for these spaces could lead to different
estimations of the REI and will be the subject of further work.

To achieve a REI of unity, and ideally less, a space must at least
balance the six parameters that affect ) n. If the occupancy activities
and exposure time are identical to those of the reference scenario, then
a removal rate of at least 0.21 m3s~! per infected occupant must be
achieved as a minimum rate (of which ventilation is likely to be a
primary component), irrespective of the number of occupants present.
Using a fixed air change rate will lead to REI > 1 when its volume is
less than that of the reference classroom. Per capita airflow rates will
cause the space to exceed unity when there are fewer than 32 occupants
present. Therefore, per capita and air change rates should only be used
with the minimum airflow rate. Here, using CO, sensors that relate
pre-determined concentrations to per capita ventilation rates could be
problematic if a space is under-occupied.

Ventilation strategies should decrease the residence time, which
governs the time taken to reach a steady state number of RNA copies
in a space. This can be achieved by increasing the airflow rate and
by filtration and denaturing in secondary air systems. The steady state
number of RNA copies in a space and Y, n are also reduced by increasing
the airflow rate, but there is a law of diminishing returns. Maintaining
adequate ventilation in the heating season is particularly important
because ventilation rates are often lower at this time but risks must be
balanced against the thermal comfort of occupants and heating energy
demand.
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